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Abstract: We investigate the quantum-mechanical effects on the electrical properties of the double-gate junction-
less field effect transistors. The quantum-mechanical effect, or carrier energy-quantization effects on the threshold
voltage, of DG-JLFET are analytically modeled and incorporated in the Duarte ef al. model and then verified by

TCAD simulation.
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1. Introduction

The current generation of JLFETs undergoes noteworthy
quantum mechanical effects (QME), because of the very high
level of substrate doping and the very small oxide thickness in
the range of nanometers. Due to these reasons, severe bend-
ing of the band on the substrate (Si) side takes place, which is
due to the significantly high electric field existing at the inter-
face. This results in a narrowing of the potential well, which
is sufficient for energy quantization of carriers at the interface,
because of which at the same gate bias, the inversion charge
density gets reduced as compared to that predicted by classi-
cal theory. As a result, device parameters, like the threshold
voltage, drain current, transconductance, etc., also change[l].
So the quantum mechanical behavior needs to be incorporated
in compact JLFET models used for circuit simulations. Since
threshold voltage plays an extremely important role in device
characteristics, so in this paper, we have focused on the changes
in threshold voltage and their effect on drain current due to the
QM effect.

2. Junction-less field effect transistor

A conventional MOSFET is made up of two p—n junctions,
one at the source and the other at the drain region. As devices
are down scaled in accordance with Moore’s law, a large dop-
ing concentration gradient and careful fabrication are required
for the formation of such junctions in order to avoid punch
through. These rigorous demands have pushed the scaling of
their fundamental limits. Therefore, a new device, a junction-
less (JL) transistor, has been proposed to solve the above men-
tioned problems, as shown in Figure 1.

Although the structure of JLFET and conventional MOS-
FET are very much similar, but with homogeneous doping
polarity and uniform doping concentration across the device,
there is no junction formation and that is why they are called
junction-less FETs. The primary conduction mechanism in a
JLFET depends on the bulk current not on the surface; more-
over, in turning it off, the channel needs to be fully depleted.
When the gate voltage is below Vry, the channel gets fully de-
pleted and the device is in a sub-threshold state. As the gate
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voltage increases gradually and becomes equal to Vg, the
channel gets partially depleted and so current flows through
the bulk condition mechanism. When the gate voltage exceeds
the flat-band voltage, a complete neutral channel takes form
and current can flow through the entire channell?).

3. Quantum mechanical effects

Spatially confined channel carriers in one dimension, by
either space confinement or electronic confinement, carrier-
energy quantization, for DG JLFETs, becomes noteworthy.
Thus, at a given gate bias, the QM inversion charge density is
smaller than the classical one. So, one needs to apply more gate
voltage to get the same value of inversion chargel*]. Solving
self-consistently, via Gauss’s law, shows a QM channel poten-
tial is lower than the channel potential in a classical one. The
QM effect in the sub-threshold region of operation is defined
by the difference between the two potentials.

4. Modeling of JLFET

Considering only mobile charges in the silicon region, the
Poisson equation can be written using the Pao-Shah integral as:

dx?2 &
where &4 is the permittivity of silicon, ¢ is the channel po-
tential, and V' is the electron quasi-Fermi potential. Using
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Figure 1. A junction-less transistor.
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Figure 2. Schematic band diagrams for a symmetric DG-JLFET. (a)
Fully depleted and downwardly bent channel in the sub threshold
mode. Partially depleted and downwardly bent channel in the bulk
current mode. (c) Flattened channel in the flat band mode. (d) Up-
wardly bent channel in the accumulation.

parabolic potential approximation, we obtained an analytical
expression for the channel potential, which can be represented
by:

p(x) = (4x2/t )(@s — @o) + @o, (2)

where ¢, and @ are the potential at the center and the sur-
face of the channel, respectively. Using Gauss law along with
the boundary condition, we can determine the relationships be-
tween ¢s, ¢,, and the gate voltage V as:

Eox d 48i
_IL(VG — Vi _(ps) = 5s1d |x =t,/2 = -

O3 Lsi

Ap. ()

Here, €, is the permittivity of the oxide, and A = @, — ¢s. By
approximating ¢, to zero at Vg and assuming a fully depleted
channel, a criteria for threshold voltage can directly be derived
from the above equation, which is:
Vin = Vi — qNsitsitox/zgox - qNsitszi/8851 qN51t /0 l6eg;.
“4)
In the expression for Vry, the last term is used as a fitting
parameter, which is dependent on doping and silicon thickness.
The total charges can be obtained by integrating the charge den-
sity over the entire channel, and subtracting fixed charges from
that, we can obtain the total mobile charges by subtracting fixed
charges from the total charge, which can be derived by integrat-
ing the charge density over the entire channel using the channel
potential; a closed form of the expression for the mobile charge
within the channel can be obtained, which is:

—260x 280xVT _Qmobile
(Vo =Vt = V) = Omobile — n .
Blox Blox 2egm qu]\Esi)
5

A drain current expression can be derived by integrating
the current continuity equation /pg dy = —uW QmebiedV from
the source—drain region and expressing dV as (dV/d Q mobite) X
dQmobile [4, 5] >

Vbs

Ips = p— O mobitedV, (6)

L Jo

pr 0
Ips = Mf (4{:‘(: Qmobile —Ur Qmobile |Q:)7 (7)

where
Eoxlsi

B=14+—-. 8)
de sifox
The saturation drain voltage has been derived and it comes
out to be:

Vs, sat = Vi {1 —lg |:2UT80x/(:3tox\/ngi”UTqNsi]}
+ (Vo — Vrn). Q)

Here, u is the effective mobility, W is the device width, and L
is the gate length.

5. Incorporation of QM effect

Because of the energy quantization of the carriers in a
channel, the long-channel threshold voltage is anticipated to
shift. Since, for a silicon crystal with a (100) orientation, there
are in total six valleys in the conduction band, which are clus-
tered in two separate groups with degeneracy factors g; = 2
and g, = 4, respectively.

The threshold voltage after considering quantization is the
gate voltage when the electron sheet density Qqm reaches a
threshold value Qry, which in the classical case can be ex-
pressed as QcL = nitsiexp(qecr/ kT) where ¢ is the chan-
nel potential without considering the quantum mechanical ef-
fect referenced to the source Fermi level and it is constant
throughout the channel thickness. The difference between ¢qom
and ¢cp under a constant quantum mechanical effect gives the
long-channel Vry shift, AVry as there is a one-to-one relation-
ship between the applied gate voltage and the channel poten-
tiall®- 7] so:

kT

AVTH, Long = 2qg Inn;tg — —

X In Zg, kTZexp( )
i=1
(10)

Here, E, is the silicon band gap. m’g,i (i =1, 2) are the density
of states (DOS) effective masses of an electron, given as mp,
=m{, and mf, , = /m{m{ where m{" and m{ are longitudi-
nal and transverse effective masses of an electron, respectively.
Ej; is the j-th sub-band in the i-th group of valleys given by:

Ei=j 2(27h)? /8m* (11)

mtsw

where m*
asmy,

are motion effective masses of an electron, given
1 —m1 and my, , = m{.
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Figure 3. Plot showing QM effect on IV characteristics at different
gate voltages.

Figure 4. Junction-less FET.
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Figure 5. 145 versus Vys for tox = 2 nm and #5; = 4 nm.

6. Model validation

To confirm the proposed model, a numerical simulation
using 2-D SILVACO has been carried out. The Shockley Read
Hall Recombination model is used, which accounts for the
field-dependence and doping effect. The Fermi—Dirac carrier
statistics, along with band gap narrowing models, is used in
the simulation. Throughout the simulations, the length of the
channel and the width of the device are equal to 1 um. In or-
der to neglect the parasitic resistance effects, source and drain
lengths are assumed to be very small.

The parameters and values used for SILVACO simula-
tion are kept the same as those which are used in analytical
modelling. The value of mobility used in the model was ex-
tracted from the linear region and it comes out to be around
110 cm?/(V-s) for doping concentrations of 1 x 10!® cm™3.
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Figure 6. 145 versus Vys for tox = 2 nm and ¢;; = 8 nm.
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Figure 7. 14 versus Vg for to,x = 4 nm and f; = 4 nm.

Table 1. Dependence of change in threshold voltage to the silicon
thickness.

Silicon thickness (nm)

Increase in threshold voltage (V)

2 0.1158
3 0.0690
4 0.0530
5 0.0420
10 0.0210

7. Simulation result

Figures 5-8 show the plot of drain current on the y-axis
and the drain voltage of a double gate-JLFET on the x-axis, for
different silicon and oxide thicknesses obtained from modeled
data. Figures 9—12 show the drain current versus the gate volt-
age of double gate-JLFETSs for different silicon and oxide thick-
nesses respectively obtained from modeled data. Figures 13—16
show the extent of matching between quantum corrected mod-
eled data and simulated data /4 versus Vg, data. Similarly, Fig-
ures 17-20 show the extent of matching between quantum cor-
rected modeled data and simulated data of /g4 versus V. In
addition. Table 1 shows the dependence of change in threshold
voltage to the silicon thickness.

From Table 1, we can see that as silicon thickness increases
keeping the oxide thickness constant, the increase in threshold
voltage decreases and for thickness above 10 nm, the increase
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Figure 8. 145 versus Vys for tox = 4 nm and #;; = 8 nm.
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Figure 9. 145 versus Vg for tox = 2 nm and ¢5; = 4 nm.
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Figure 10. /45 versus Vs for tox = 2 nm and #;; = 8 nm.

is meniscus. An increase in threshold voltage leads to a de-
crease in the saturation current and trans-conductance.

8. Results

The satisfactory correlation between the proposed analyt-
ical model and the TCAD simulation results with some fit-
ting parameters, which depend on silicon thickness and doping,
confirm the proposed model. This model therefore continu-
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Figure 11. 14 versus Vys for #ox = 4 nm and f5; = 4 nm.
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Figure 12. 145 versus Vys for tox = 4 nm and ¢5; = 8 nm.
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Figure 13. I4s versus Vys for tox = 2 nm and #5; = 4 nm.

ously predicts the current characteristics of double gate JLFETSs
in the linear, saturation, and sub-threshold regions of operation.

9. Conclusion

In conclusion, the QM correction term for threshold volt-
age has been incorporated in continuous charge model. This
model is developed for a DG-JLFET, which is symmetric and
long channel. The Pao-Shah has been used and the parabolic

024001-4



J. Semicond. 2015, 36(2)

Shoubhik Gupta et al.

6
v =1V —— Without quantum correction

sLoe - ---- With quantum correction
T 4t ~
5
E 3F
3
£
g 2F
)

1F

0 L L

0 1 2 3

Drain voltage (V)

Figure 14. I4s versus Vg for tox = 2 nm and #;; = 8 nm.
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Figure 15. I45 versus Vgs for tox = 4 nm and i = 4 nm.
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Figure 16. 145 versus Vg for tx = 4 nm and #;; = 8 nm.

potential approximation is extended to the sub-threshold and
linear regions, which takes into account the mobile carrier
charges and the dopant. The simulation results are then veri-
fied using SILVACO incorporating some fitting parameters.
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